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Cell fate specification requires tightly orchestrated cellular responses to extracellular factors. In this issue of
Developmental Cell, Kong et al. (2015) reveal that Notch signaling activity facilitates the interpretation of
Sonic hedgehog (Shh) signals by regulating signaling in the cilia, influencing fate specification of neural
stem and progenitor cells.Assembly of the CNS relies upon the gen-
eration of molecularly and functionally
distinct neuronal and glial lineages. This
is achieved through diversification of neu-
ral stem cells, which is largely dependent
on the proper responses to graded mor-
phogens instructing the expression and
activities of transcription factors that
ultimately define cell fates (Rogers and
Schier, 2011). It is therefore crucial for
neural stem/progenitor cells to possess
the appropriate intracellular machinery to
interpret spatial and temporal changes in
morphogens.
In this issue of Developmental Cell,
Kong et al. (2015) identified a critical role
for Notch signaling in the interpretation
of Sonic hedgehog (Shh) gradients to in-
fluence cell fate in the developing ventral
spinal cord. Kong and colleagues first es-
tablished the role of Notch signaling in
maintaining progenitor identity within the
p3 and pMN domains by utilizing condi-
tional transgenic mice carrying alleles
that render Notch signaling constitutively
active (Olig2CRE;R26RNICD-GFP, Notch-On
mice) or inactive (Olig2CRE;RbpjCKO,
Notch-Off mice). In Notch-Off mice, an in-
crease in pMN cells and a decrease in p3
cells were observed, while in contrast, an
increase in p3 cells and a decrease in
pMN cells were apparent in Notch-On
mice. The authors postulated that these
defects stemmed from altered progenitor
identities of pMN and p3 progenitors.
Proving this, lineage-tracing studies
determined that manipulation of Notch
activity in the p3 and pMN domains
led to shifts in their neuronal and glial
fates. Deficits in motor neurons and
oligodendrocyte precursors, typically
derived from pMN or Olig2+ cells, were
observed in Notch-On mice. In contrast,an increase in oligodendrocyte precur-
sors was observed at the expense of as-
trocytic precursors in the developing
Notch-Off spinal cord.
Given that Shh gradients extensively in-
fluence cell fate in the developing ventral
spinal cord (Cohen et al., 2013), Kong
and colleagues (2015) examined the rela-
tionship between Notch activity and Shh
signaling pathway by exposing chick in-
termediate neural plate explants to vary-
ing concentrations of Shh ligands and
the Notch inhibitor DAPT (N-[N-(3,5-Di-
fluorophenacetyl)-L-alanyl]-S-phenylgly-
cine t-butyl ester). Shh-treated explants
electroporated with the Gli-binding site
Luciferase (GBS-Luciferase) reporter
showed that inhibition of Notch signaling
through administration of DAPT resulted
in a significant decrease in GBS-Lucif-
erase activity compared to explants
treated with Shh alone. Similarly, when
Shh ligand treatment of chick explants
was coupled with DAPT treatment,
Nkx2.2+ progenitors (a p3 determinant)
were reduced while Olig2+ progenitors
(pMN and oligodendrocyte determinant)
increased. These findings revealed that
Notch activity modulated progenitor
response to Shh signals.
How does Notch signaling influence
responsiveness to Shh? A first answer
came when the authors determined that
Notch signaling regulated Shh pathway
components via primary cilia. In cultured
NIH 3T3 cells, Shh-induced Smoaccumu-
lation in primary cilia was significantly
decreased when Notch signaling was in-
hibited by administration of either g-sec-
retase, which prevented Notch receptor
cleavage, or SAHM1, which interfered
with the formation of Notch transcriptional
activator complex. These observationsDevelopmental Celwere reproduced using various types of
human- or mouse-derived cultured cells,
suggesting that Notch-mediated accu-
mulation of Smo in cilia occurs irrespec-
tive of tissue and species of origin. This
effect was also confirmed in vivo where
levels of ciliary Smo strongly correlated
with Notch activity in the developing
spinal cord of Notch-On and Notch-Off
embryos. Consistently, gain of function
of Notch activity induced by forced
expression of Notch intracellular domain
(NICD) also resulted in increased translo-
cation of Smo to the primary cilia.
Because previous studies reported the
ciliary localization of Notch1 and Notch3
receptors (Ezratty et al., 2011; Leitch
et al., 2014), Kong et al. (2015) examined
whether Notch activity directly or indi-
rectly acted on Smo to enhance its locali-
zation to the cilia. Results from these
experiments suggested that expression
of Notch target genes was likely required
based on the following observations. First,
activation of theNotch downstream target
Hes1 was sufficient to increase Gli1 acti-
vation. Second, co-administration of Shh
and DAPT did not lead to an immediate
decrease in ciliary Smo. Rather, a reduc-
tion in Smo was observed after 12 hr,
implying that Notch activity modulated
Smo localization in the cilia through a
transcriptional mechanism. Furthermore,
Kong and colleagues found that the effect
of DAPT on ciliary Smo was partially
blocked by the RNA polymerase inhibitor
a-aminitin. Taken together, these findings
indicated that transcriptional activity of
Notch downstream targets must occur to
facilitate the ciliary localization of Smo.
The authors also investigated whether
Notch signaling enhanced ciliary local-
ization of Smo through Ptch1, which isl 33, May 26, 2015 ª2015 Elsevier Inc. 371
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cation of Smo in primary cilia (Rohatgi
et al., 2007). DAPT addition to mouse em-
bryonic fibroblasts transduced with a
retroviral vector expressing Ptch1-YFP
fusion protein led to increased Ptch1-
YFP localization in the primary cilia
in both Shh-treated and -untreated condi-
tions. Moreover, accumulation of Smo
in the cilia was not observed in DAPT-
treated Ptch1-knockout cells. These
findings indicated that Ptch1 was an up-
stream target of Notch activity to regulate
the ciliary localization of Smo.
Collectively, the studies by Kong et al.
revealed that Notch activity potentiates
Shh signaling pathway by enhancing
Ptch1 clearance and the concurrent accu-
mulation of Smo in the cilia to influence
cell fate specification. These effects
were mediated by the transcriptional ac-
tivity of Notch downstream targets, such
as Hes1, which, when expressed at high372 Developmental Cell 33, May 26, 2015 ª2levels, led to the activation of Gli1 expres-
sion. As a next step, it would be inter-
esting to determine whether the transcrip-
tional activator or repressor activity of
Hes1 (Kageyama et al., 2009) mediates
the expression of factors that regulate
Ptch1 localization into the cilia. In addi-
tion, further investigation of whether other
Notch downstream targets may also
be directly involved in the regulation of
Shh pathway activity is warranted. More
broadly, it would also be interesting to
examine whether Notch signaling acts as
a master regulator of other cilia-regulated
signaling pathways, such as Wnt and
Pdgfra (Louvi and Grove, 2011). Charac-
terizing the interaction between signaling
pathways within the primary cilia can
unveil mechanisms leading to fine-tuning
of cellular responses, regulating not only
cell fate specification but also other
crucial cellular events that control devel-
opment and function.015 Elsevier Inc.REFERENCES
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